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The temperature dependence of the dynamics of recombinant human acetylcholinesterase (hAChE)
and plasma human butyrylcholinesterase (hBChE) is examined using elastic incoherent neutron
scattering. These two enzymes belong to the same family and present 50% amino acid sequence
identity. However, significantly higher flexibility and catalytic activity of hAChE when compared
to the ones of hBChE are measured. At the same time, the average height of the potential barrier
to the motions is increased in the hBChE, e.g. more thermal energy is needed to cross it in the
latter case, which might be the origin of the increase in activation energy and the reduction in the
catalytic rate of hBChE observed experimentally. These results suggest that the motions on the
picosecond timescale may act as a lubricant for those associated with activity occurring on a
slower millisecond timescale.
1 Introduction
Two different types of cholinesterases (ChEs) are found in
mammalian organisms and can hydrolyse the neurotransmitter
acetylcholine: acetylcholinesterase (AChE) and butyrylcholin-
esterase (BChE). These enzymes also hydrolyse numerous other
non-physiological esters. AChE is mainly located at the neuro-
muscular junctions and the cholinergic synapses, whereas BChE
can be found in the plasma, in glial cells in the central nervous
system, and several tissues. Although AChE is a key enzyme
in the nervous system to terminate neurotransmission at
cholinergic synapses, the physiological function of BChE is
not yet known. BChE acts as a backup for AChE in the nervous
system and as an endogenous bioscavenger for esters that are
potential inhibitors of AChE.1 In fact, an abrupt blockade of
acetylcholine-mediated neurotransmission is lethal, whereas the
inhibition of BChE or the absence of BChE (homozygous
individuals for silent BChE genes) in humans has no known
deleterious effects.2,3
The first crystallographic structure of Torpedo californica
AChE (TcAChE) was resolved in 19914 and for a long time
most of the studies were performed on TcAChE. Its structure
revealed surprising features: the active site is located at the
bottom of a deep and narrow gorge lined by 14 conserved
aromatic residues. Due to the restrictive dimensions of the
active site gorge of TcAChE (20 Å deep, diameter E 5 Å), the
substrate hydrolysis takes place in a closed space virtually
isolated from the bulk solvent.5 In parts, the gorge is so
narrow that only water molecules can pass through it, but
neither substrates nor inhibitors would have access to the
active site if the enzyme was rigid.6 The structure of human
BChE (hBChE) was solved in 2003 by Nicolet et al.7 The active
site gorge of hBChE is much larger than its TcAChE counterpart
(B500 Å3 vs. 300 Å3). Among the 14 aromatic residues that line
the active site gorge of TcAChE and determine its narrow path,
six are substituted in hBChE by smaller aliphatic or even polar
residues. These residues account for most of the differences in
catalytic properties observed between the two enzymes.3 The
structure of the free humanAChE (hAChE) was not known for
a long time because its crystallisation was challenging. The
difficulty in growing the crystals was suggested to be related to
the high intrinsic flexibility of the enzyme. Later, Kryger et al.8
succeeded to solve the structure of the hAChE complexed
with fasciculin-II, a snake neurotoxin, which may decrease
the flexibility of hAChE and increase its thermostability,9
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and therefore ease its crystallisation. The structure of the free
hAChE was only determined recently by Dvir et al.10 The
volumes of the active sites of hAChE and TcAChE are similar
and the 14 aromatic residues in the active site gorge of hAChE
are also conserved. TcAChE, hAChE and hBChE have a high
structural identity (about 53%) with a very low structural root
mean square deviation (about 1 Å).
The peptide sequences are 54% homologous among the
species of ChEs, and even more for the catalytic subunit.3,7
However, hBChE has a higher number of N-glycosylation
chains than hAChE (9 against 4), representing a sugar content
of 25% of its mass against 9% for hAChE. Glycosylation is
known to alter folding, stability and the dynamical properties
of ChEs, but not their catalytic properties.11 AChE and BChE
are highly polymorphic depending on the environment and
the specific species. In solution, recombinant human AChE
presents a mixture of monomers and dimers, which are sometimes
also arranged in tetramers. Human plasma BChE is naturally
tetrameric.
AChE is a very fast enzyme, especially for a serine hydro-
lase, functioning at a rate approaching that of a diffusion-
controlled reaction. The high speed of the enzyme is essential
for rapid functioning of cholinergic synapses, with a turnover
of 103–104 s1. The catalytic rate of BChE is about ten times
smaller.2 The question whether differences in activity are
reflected in the sub-nanosecond dynamics is still an unresolved
matter.12 Shafferman et al.13 argued, however, that the active
site seems to require a certain balance between rigidity to
stabilize the catalytic triad, and flexibility for binding the
different AChE ligands.
In the present work, the combined analysis of neutron data
on sub-nanosecond dynamics, on the one hand, with activity
data, on the other, for hAChE and hBChE, established
complex correlations between dynamics and function. We
discuss these observations in terms of the effects of activation
free energy barrier increasing on the mechanisms for the
catalysed reactions of the human ChEs. In addition, results
suggest that overall thermal dynamics occurring on the sub-
nanosecond timescale has an influence on the much slower
millisecond timescale of the catalytic activity.
2 Materials and methods
2.1 Production, purification and characterization of
cholinesterases
Homemade pGS vector carrying cDNA of hAChE and the
glutamine synthetase gene marker was expressed in Chinese
hamster ovary cells (CHO-K1 cells). The cells were stably
transfected using JetPEI transfection protocol without modi-
fication (Polyplus transfection, France). Selective pressure was
provided by methionine sulfoximide (MSX—50 mM). The
highest producing clone was maintained in BioWhittaker
UltracultureTM medium (Lonza, Belgium) also containing
MSX. The cells were first grown in Petri dishes, in culture
flasks and then were expanded for high volume culture in 1 L
roller bottles. The enzyme, secreted into the culture medium, was
first precipitated by addition of 80% saturation ammonium sulfate.
The protein pellet was suspended, extensively dialyzed against
ammonium acetate buffer (25 mM, pH 7.0) and loaded onto an
affinity chromatography column (Sepharose-4B/procainamide).
After extensive washing (using ammonium acetate buffer
containing 0.5 M NaCl), hAChE was eluted with ammonium
acetate buffer containing 1 M NaCl + 0.5 M tetramethyl-
ammonium iodide + 1 mM decamethonium chloride. The
fractions containing the highest hAChE activity were pooled
and concentrated (using a Centricon-30 ultrafiltration micro-
concentrator from Amicon, Millipore, USA). Enzyme concen-
tration was determined from its absorbance at 280 nm using a
molar extinction coefficient of 1.7 for 1 mg mL1 of protein.14
hBChE used for kinetic studies was purified from human
plasma as described in ref. 15. Cholinesterases activity measure-
ments were carried out at 25 1C according to the Ellman
method16 using 1 mM acetylthiocholine (ATC (for hAChE))
or butyrylthiocholine (BTC (for hBChE)) as substrate and
0.5 mM 5–50-dithio-bis(2-nitrobenzoic acid) (DTNB) in 0.1 M
phosphate buffer pH 7.0. As for hBChE, the hAChE sample
was assayed before and after the neutron scattering experi-
ments: activity of the batch was not significantly reduced by
the neutron scattering experiments.
2.2 Kinetic studies
The hAChE and hBChE activities were determined at
various temperatures from 7 to 38 1C. Reaction rates (k) were
measured at intervals of 1–2 1C, with the same enzyme
concentration (0.17 nM) and the optimum substrates concen-
tration (1 mMATC or BTC) in 0.1 M phosphate buffer pH 7.0
containing 0.1% albumin. Observed reaction rates were
corrected for spontaneous substrate hydrolysis. Arrhenius
plots were obtained by plotting ln(k) vs. 1/T, where T is the
absolute temperature. Activation energies (Eza) were calculated
from the linear parts of the Arrhenius plots, below and above
transition temperature (Tt). The enthalpies (DH
z) and the
entropies (DSz) of activation were, respectively, obtained from
the slope and the intercept of the Eyring plot (ln(k)/T vs. 1/T).
The Gibbs energies of activation (DGz) were defined as
DGz = DHz  TDSz.
2.3 Sample preparation for neutron scattering
hBChE used for dynamics studies was prepared as described in
Gabel et al.15 Special care was taken for the sample prepara-
tion of hAChE in order to respect exactly the same protocol
and to exclude any spurious effect due to that. So, the hAChE
sample was prepared as follows: about 130 mg of hAChE was
dialyzed against 25 mM ammonium acetate dissolved in D2O,
pD 7.0. Since the buffer is completely volatile, a 12 hours
freeze drying at 220 K under vacuum resulted in salt free
protein powder. The lyophilized powder was placed in an
aluminium sample container matching the size of the neutron
beam available on the instrument. The sample was dried for
12 hours at atmospheric pressure over P2O5 and weighed. The
measured weight was taken as its dry weight (h= 0 g D2O g
1
dry powder, denoted by g/g). For neutron experiments, the
sample was then hydrated by vapour exchange over D2O,
at ambient temperature, in a desiccator. A final water content
of about 0.4 g/g for the sample was achieved. To verify that
no loss of material had occurred and that the hydration state
D
ow
nl
oa
de
d 
by
 U
ni
ve
rs
ity
 o
f 
W
ol
lo
ng
on
g 
on
 2
2 
A
ug
us
t 2
01
2
Pu
bl
is
he
d 
on
 1
7 
Fe
br
ua
ry
 2
01
2 
on
 h
ttp
://
pu
bs
.r
sc
.o
rg
 | 
do
i:1
0.
10
39
/C
2C
P2
38
17
A
View Online
6766 Phys. Chem. Chem. Phys., 2012, 14, 6764–6770 This journal is c the Owner Societies 2012
was the same, samples were weighed before and after the
neutron scattering experiments. No losses were detected for
any sample.
2.4 Elastic incoherent neutron scattering
Both experiments were performed on the IN16 backscattering
spectrometer at the ILL, the experiment on hBChE was
realized in 200315 and the one on hAChE in 2009. No
substantial modifications were undertaken in that period on
the instrument. The data treatment was made using the ILL
program LAMP (Lamp). We reanalysed the data from Gabel
et al.15 with this program, and exactly the same results for
hBChE were obtained compared to what was published. A
neutron scattering experiment with angular and energy resolu-
tion measures the double differential scattering cross section
d2s
dOdE, which is the number of neutrons scattered per second
into the solid angle dO in the direction of the scattering vector
-
k0 with an energy in the interval between E and E + dE,
normalized by the incident neutron flux F. It can be split into
two parts: the coherent and the incoherent scattering. Coherent
scattering carries information on the structure of a material and
on the collective dynamics of the atoms, whereas incoherent
scattering contains information on the individual atomic
dynamics. It can be interpreted as a superposition of neutron
waves that were scattered from the same nucleus at different
times. The experimentally accessible time range is determined
by the energy resolution Do of the instrument. The double
differential scattering cross section is connected to the scattering
function S(
-
Q, o) via
d2s
dOdE
¼ N scoh
4p
k0
k
Sð~Q;oÞcoh þN
sinc
4p
k0
k
Sð~Q;oÞinc; ð1Þ
where scoh and sinc are the total coherent and incoherent
scattering cross sections. k and k0 are the absolute values of the
incoming and scattered wave vectors of the neutron, respec-
tively.
-
Q is the scattering vector defined as
-
Q =
-
k0 
-
k and
ho ¼ h2
2mn
ðk02  k2Þ ¼ E0  E the energy transfer between the
incident and scattered neutron for elastic scattering, thus
o = 0  Do.
This is due to the hydrogen incoherent scattering cross
section which is one order of magnitude larger than that of
all other elements usually occurring in biological matter,
and also of its isotope deuterium.17 The technique probes
average protein dynamics because hydrogen atoms are
uniformly distributed in the protein. hAChE contains a high
proportion of hydrogen, 4673 of a total of 9470 atoms.
The incoherent cross section of the hydrogen atoms thus
corresponds to 99.8% of the total incoherent cross section
and to 92.6% of the total scattering of the sample (without
the D2O hydration layer). hBChE contains 4126 hydrogen
atoms of a total of 8346 atoms. It accounts for 99.9% of
its incoherent signal and for 92.7% of the total scattering. An
atomic mean square displacement (MSD) value hu2i for
averaged single particle motions can be calculated from the
Q-dependence of the elastic part of the dynamic structure
factor, S(Q, 0  Do). Using the Gaussian approximation,18
which assumes that the distribution of the atoms around
their average position follows a Gaussian distribution,
one gets:
S(Q, 0  Do) E exp(2W), (2)
where
W = 1
6
Q2hu2i. (3)
As Q approaches zero, the approximation is strictly valid
for any motion localized in the length-time window of the
spectrometer, and it holds up to
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hu2iQ2
p

ffiffiffi
2
p
.19,20
Finally the average mean square displacements can be
obtained from the slope of the logarithm of the scattered
intensities according to
hu2i ¼ 3 @lnSðQ; 0 DoÞ
@Q2
: ð4Þ
TheQ-domain used for fitting the data was 0.43 Å1 rQr
1.06 Å1.
3 Results
3.1 Effects of temperature on elastic incoherent neutron
scattering
All measurements were carried out on the backscattering
spectrometer IN16 at the Institute Laue-Langevin (ILL)/France
on powder of hAChE hydrated at 0.4 g D2O/g of protein. This
corresponds to a full protein hydration and ensures the fully
functioning of the enzyme.21–23 Elastic incoherent scattering data
were collected with an energy resolution of 1 meV and analysed in
a scattering vector range of 0.43 Å1 r Q r 1.06 Å1,
corresponding to a space-time measurement window of 1 Å in
1 ns. Atomic mean square displacements (MSDs or hu2i) were
extracted from elastic incoherent neutron scattering (EINS) data
as described in Materials and methods. Fig. 1 shows the MSDs
of hAChE and hBChE as a function of temperature. At low
temperatures, theMSDs of both samples are similar and increase
linearly with temperature. There is a significant deviation
from linearity of hu2i for T > 175 K and T > 225 K in the
hAChE and hBChE samples, respectively. This deviation,
Fig. 1 MSDs of hAChE (black squares) and hBChE (blue triangles)
with corresponding frequency window model fits (red lines). For
hBChE, the MSDs were reanalysed using the data from Gabel et al.15
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named dynamical transition, was already observed on other
proteins.24,25 Above its dynamical transition temperature, the
MSD values of hAChE are starting to be larger than the ones
of hBChE implying that hAChE is therefore more flexible than
hBChE. The magnitude of the change above each dynamical
transition temperature is similar for both proteins up to about
260 K where it starts to decrease for hAChE, only. This latter
feature can be explained by the limitation of the instrumental
resolution in relation to the measurement of large-scale motions15
or by the relaxation frequencies that move into another instru-
mental range.26 Different models (Bicout and Zaccai27 and Gabel
et al.28) were investigated to describe these behaviours (data not
shown), but they were not very successful as the resolution
dependency was not taken explicitly into account. The authors
thus used the frequency-window model (FWM)26 that can describe
both the temperature and timescale dependences of hu2i. Assuming
activated dynamics, the transition would be determined by the
barriers between energy minima. The corresponding equation used
for fitting the MSDs within the FWM is given by:
hu2iFWM ¼ hu2ifast þ hu2islow 1
2
p
arctan
Do
kFWM
 
; ð5Þ
where hu2ifast and hu2islow correspond to fast and slow contri-
butions to the mean square displacement in the instrumental
resolution, respectively. Do = 0.5 meV D 7.595  108 s1 is
the half-width at half maximum of the elastic instrumental
resolution function of IN16 and kFWM represents the long-time
relaxation frequency corresponding to the characteristic time
scale of the underlying process. hu2ifast is assumed to depend
linearly on temperature as hu2ifast = aT and can be obtained by
fitting the data at low temperatures with a straight line. This
approximation may not always been justified depending on the
energy resolution, Q range and the protein hydration used, as
shown by Pieper et al.29 and Wood et al.30 As our data are well
fitted within the experimental errors by a straight line, where the
results for both proteins are similar, we have then chosen this
approach. hu2islow is a fit parameter taking into account slow
contribution due to diffusive processes.26 Assuming Arrhenius
behaviour for FWM, it can be expressed as:
kFWM(T) = ae
Ea/RT, (6)
where a is a pre-exponential factor, Ea the dynamic activation
energy, R the ideal gas constant and T the temperature. The
parameter a was set to a value of 1  1012 s1 for all samples.
When this parameter was not fixed during the fitting procedure,
we obtained very similar results but the fit was unstable e.g. the
errors became larger than the extracted values. As the exact value
had almost no influence on the other independent parameters, we
thus fixed it to this value, which is characteristic for vibrational
frequencies.31 The resulting fits of the elastic data of the hAChE
and hBChE samples are shown in Fig. 1 and the corresponding
fitting parameters are summarized in Table 1.
The frequency-windowmodel takes into account the temperature
dependence of theMSDs for both proteins including the motions
at low temperature, the dynamical transitions and the kink of the
hAChE data starting around 260 K. The fast motions in the low
T regime, hu2ifast = aT, were found to be comparable for hAChE
and hBChE. The hu2islow values are comparable and are close to
the highest MSD values for both proteins, in agreement with
Becker’s publication.26 The dynamical transition temperature is
shifted up by 50 K for hBChEwith a dynamical energy activation
barrier 1.2 times higher than the one of hAChE (Table 1).
3.2 Effects of temperature on enzyme activity
hAChE and hBChE kinetic measurements32 were performed
under the same conditions, between 7 and 38 1C. Whatever the
temperature explored, the activity of hAChE is higher than that
obtained for hBChE (Fig. 2a). As previously reported,33–35 the
Arrhenius plots (Fig. 2b) are biphasic, showing breaks at a
transition temperature (Tt) of 21 1C for hBChE and 25 1C for
hAChE. Activation energies (Eza) can be calculated from the
slopes of Arrhenius plots (Fig. 2b), both below and above the
transition temperatures (Fig. 2b and Table 2). These Eza corre-
spond to the amount of energy needed to be added to the
enzyme + reactants to yield enzyme + products, passing
through an activated complex. For both enzymes, Eza decline
at high temperatures. This feature was already observed in
Electrophorus electricusAChE.36 As expected, Eza values are higher
for hBChE (48.0  2.3 kJ mol1 and 36.4  1.3 kJ mol1 below
and above Tt) than for hAChE (30.1 kJ mol
1 and 11.5 kJ mol1
below and above Tt) with ratios of 1.6 and 3.1, respectively, below
and above Tt. From the Eyring plots (Fig. 2c), we extracted the
enthalpy (DHz), the entropy (DSz) and the free energy (DGz) of
activation (Fig. 2c and Table 2). All values of DHz, DSz, DGz are
lower for hAChE compared to those of hBChE. hAChE has also a
fairly larger negative entropy of activations compared to hBChE.
This may suggest a very loose structure for hAChE and the loss of
degrees of freedom of this protein and the reactant water in the
transition state.
4 Discussion and conclusions
Taking the parameters obtained by the fits for kFWM, one can
represent the relaxation frequencies for both enzymes (Fig. 3) as
a function of the temperature according to eqn (6). In Fig. 3, the
instrumental relaxation frequency limit is represented by a
horizontal straight line. If the relaxation frequencies of the
motions are above this limit, the motions are then too fast to
be well resolved by the instrument. For both proteins and at
low temperature, the frequencies are very small and the move-
ments lie thus within the instrumental relaxation limit. As the
activation energy is higher for BChE than for AChE, more
thermal energy is necessary for BChE to overcome the barrier
and thus the increase of the relaxation frequency values starts for
higher temperature. The relaxation frequency curve of hAChE
crosses the instrumental relaxation limit around 250 K, which is
consistent with the temperature at which the kink of the hAChE
MSDs is observed in Fig. 1, suggesting therefore that the origin
Table 1 Values obtained from fitting eqn (5) to the mean square
displacements of hAChE and hBChE for data measured on IN16
Parameters hAChE hBChE
a/Å2 K1 0.00101  0.00004 0.0009  0.00003
hu2islow/Å2 0.83  0.03 1.00  0.09
a/s1 1  1012 1  1012
Ea/kJ mol
1 14.17  0.16 17.09  0.33
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of this kink is due to the fact that the frequencies of the hAChE
motions become too fast to be measured on IN16. Conversely,
this limit is only reached at about 330 K for hBChE, well above
the temperature range investigated on IN16. This is then in
agreement with the fact that we did not observe this kink of the
MSDs in the case of hBChE. This observation also suggests that
faster motions are becoming important for hAChE and may
contribute to its higher catalytic activity. The extracted dynamic
activation energies Ea are in the same order with other values in
the literature for biological molecules such as bovine pancreatic
trypsin inhibitor (BPTI)26 and haemoglobin.37 The activation
energy for the motions is higher for hBChE than for hAChE, in
agreement with the fact that hAChE is globally more flexible
than hBChE. The dynamical activation energy of hBChE is
about 1.2 times higher than the value found for hAChE. A
similar activation energy ratio was found for the thermodynamic
parameters extracted from the activity measurements at low
temperatures before the transition temperature (corresponding
to about the higher temperature probed in the dynamics study),
suggesting thus a strong correlation between increasing flexibility
and increasing activity in the case of this family of enzymes.
Despite the high structural affinity of both proteins and more
than 50% amino acid sequence identity, their molecular dynamics
are different. We then explored the potential impact caused by the
oligomerization and glycosylation state on the dynamics. Using
IN16, Gabel et al.15 compared the dynamics of the tetrameric
hBChE and dimeric native Drosophila melanogaster acetyl-
cholinesterase (DmAChE) and no difference in the MSDs could
be observed over the whole temperature range for these two
proteins. In addition, neutron spectroscopy studies38,39 suggested
that oligomerization, which supposes protein domain motions,
happens at much longer time scales (up to a few hundred ns),
which are not accessible within the present instrumental resolu-
tion. Thus we considered that oligomerization could not be at the
origin of the important dynamics difference between the two
proteins on IN16 using elastic neutron scattering. The glycosylation
state differs significantly for both enzymes investigated here.
hBChE contains 9 N-glycans against 4 for hAChE, bound
covalently to an asparagine residue at the surface of the enzyme.
The N-glycans form chains and interact rather poorly with the
protein. The number and presence of NANA (n-acetylneuraminic
acid) residues at termini of attached N-glycans was found to be
strongly correlated with the circulatory residence time in blood,
but not with the catalytic activity.40,41 Again comparing hBChE
and DmAChE,15 which has 4 glycosylation sites as hAChE, no
difference was detectable for the dynamics between both proteins.
One can then ask why we do have a difference of dynamics
between hBChE and hAChE and none between hBChE and
DmAChE. One of the answers is certainly linked to the difference
of activities between these two pairs of proteins. Indeed, at 25 1C
the calculated ratio of kcat (DmAChE/hBChE) for hydrolysis
is 1.815 and the corresponding ratio for (hAChE/hBChE) is
about 5 (Fig. 2a).
The catalytic activity is much higher for hAChE than for
hBChE (compare Fig. 2a) and strongly correlated to the higher
flexibility of hAChE when compared to that of hBChE. The
latter feature is translated through the dynamical activation
energy Ea, which is about 1.2 times smaller for hAChE than
for hBChE. This is significant when the two enzymes used in
this study are from the same family with a high structural identity.
All the values of DHz, DSz, DGz are lower for hAChE with
respect to those of hBChE. As expected, the values of DHz are
Fig. 2 Activity (a), Arrhenius (b) and Eyring (c) plots of hAChE
(full circles) and hBChE (empty circles) catalysed hydrolysis of ATC or
BTC, respectively.
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close to those of Eza. Below the kinetic transition temperature,
that approximately corresponds to about the end of the
temperature range for the dynamics study, hAChE displays a
larger negative entropy contribution to free energy of activation
that is nearly 3 times that of hBChE (Table 2). This may suggest
a very loose structure for hAChE and a high degree of ordering
of the protein and the reactant water molecule in the transition
state, in agreement with the high flexibility of hAChE and
an important contribution of more faster local motion in the
function of this protein.
It is certainly too early to conclude in a general manner for
all enzymes, as only very little is known about the relation
between flexibility and enzymatic activity at large and the
present paper underlines some of the difficulties related to such
studies. However, when taking carefully into account instrumental
resolution effects into the fits, one is able to extract reliable
values about thermodynamic parameters and to compare
them with characteristics obtained from kinetic measurements
as shown above. There exist some hints in recent publications
(for instance in Kneller42 or Henzler-Wildman and Kern43)
that different time scales of dynamics are linked and our work
is an indication for that, but it should be reinforced by further
studies on other biological systems.
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